Biological processes essentially all depend on the specific recognition between macromolecules and their interaction partners. Although many such interactions have been characterized both structurally and biophysically, the thermodynamic effects of small atomic changes remain poorly understood. Based on the crystal structure of the bacterial invasion protein internalin (InlA) of Listeria monocytogenes in complex with its human receptor Ecadherin (hEC1), we analyzed the interface to identify single amino acid substitutions in InlA that would potentially improve the overall quality of interaction and hence increase the weak binding affinity of the complex. Dissociation constants of InlA-variant/hEC1 complexes, as well as enthalpy and entropy of binding, were quantified by isothermal titration calorimetry. All single substitutions indeed significantly increase binding affinity. Structural changes were verified crystallographically at <2.0-Å resolution, allowing thermodynamic characteristics of single substitutions to be rationalized structurally and providing unique insights into atomic contributions to binding enthalpy and entropy. Structural and thermodynamic data of all combinations of individual substitutions result in a thermodynamic network, allowing the source of cooperativity between distant recognition sites to be identified. One such pair of single substitutions improves affinity 5,000-fold. We thus demonstrate that rational reengineering of protein complexes is possible by making use of physically distant hot spots of recognition.
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long-distance synergy ͉ protein-protein interaction ͉ structure-based reengineering ͉ Listeria monocytogenes ͉ internalin T he Gram-positive bacterium Listeria monocytogenes causes severe infections in immunocompromised individuals and unborn fetuses (1) . As part of its invasion strategy, L. monocytogenes is able to breach the intestinal barrier by inducing its own uptake into normally nonphagocytic cells using the invasion protein internalin (InlA) (2) . Structurally, InlA consists of an N-terminal cap, a leucine-rich repeat domain (LRR), and an Ig-like interrepeat domain (3, 4) , followed by three spacer domains to allow presentation on the cell surface (5) . E-cadherin, the most abundant protein in epithelial-cell adherens junctions, is crucial in embryogenesis (6) and in maintaining epithelial integrity (7) . It consists of five extracellular Ig-like domains (EC1-5), a transmembrane ␣-helix, and an intracellular domain linked to the actin cytoskeleton (8) . The N-terminal domain of human E-cadherin (hEC1) is responsible for cell-cell contacts (9) and is also the receptor of InlA (10, 11) . The crystal structure of the functional domain of InlA in complex with hEC1 revealed that InlA binds hEC1 through the concave face of its LRR domain (5) . Despite burying 2,400 Å 2 of solvent-accessible surface area on complex formation, the binding affinity (K d ϭ 8 Ϯ 4 M) is rather weak. However, weak affinity does not correlate with low binding specificity, as indicated by a narrow range of EC1 domains of other species recognized by InlA (11) .
Manipulating protein-protein interaction surfaces to increase binding affinity or to change binding specificity still represents a major challenge. Essentially two competing approaches exist, based either on selection of efficient binders from large randomly created libraries (12) or on computational design (13) . The latter, however, requires comprehensive knowledge of protein recognition and underlying physical mechanisms, which have not yet been fully analyzed or quantified (14) . Unresolved questions include (i) enthalpic and entropic contributions to binding affinity, (ii) the source of enthalpy-entropy compensation phenomena (15) , (iii) the precise role of water molecules within protein-protein interaction surfaces (16) , and (iv) cooperativity between adjacent and distant interaction sites (17) .
To contribute to a better understanding of protein-protein interactions, we have applied a rational protein design approach without relying on computational methods. Instead, the highresolution crystal structure of the InlA/hEC1 complex allowed single amino acid substitutions in InlA to be identified that potentially increase its binding affinity for hEC1. We characterized the binding affinity of InlA variants carrying single or double substitutions by isothermal titration calorimetry (ITC) deriving precise enthalpic and entropic contributions to complex formation. We have similarly solved the crystal structures of InlA variants in complex with hEC1, yielding precise structural data on changes introduced through the substitutions. Thermodynamic properties may thus be directly correlated with structural changes, providing unique insights into enthalpic and entropic contribution of single amino acid side chains to macromolecular complex formation and to the cooperative behavior of combinations of single.
Results
Structure-Based Variant Design. Although the crystal structure of the InlA/hEC1 complex (5) (Fig. 1A) indicates a comparatively large (18) interaction interface (2,400 Å 2 ), the binding affinity of InlA for hEC1 at K d ϭ 8 Ϯ 4 M is surprisingly weak, presumably because of low surface complementarity and a large number of bridging water molecules. Using the structural information, we designed the following InlA variants to increase the binding affinity of the complex: Tyr369Ala (Y369A). In uncomplexed InlA, Tyr-369 forms a well ordered stacking interaction with Tyr-347 ( Fig. 2A) . In the complex InlA/hEC1, Asn-27 hEC1 displaces Tyr-369, causing it to swing around its 1 angle away from its stacking interaction with Tyr-347 and displacing Asn-370 and His-392 from a similar stacking interaction with Phe-348. Replacing Tyr-369 by alanine would eliminate this rearrangement of surface residues.
Tyr369Ser (Y369S).
Although an alanine at position 369 eliminates the unfavorable conformation of Tyr-369 (above), its small size and lack of hydrogen bond donor or acceptor groups would prevent it from directly interacting with hEC1. Placing serine at this position should allow direct or water-mediated hydrogen bonds to hEC1. Ser192Asn (S192N). InlA forms a water-mediated hydrogen bond to hEC1. Because a direct hydrogen bond between InlA and hEC1 would increase binding affinity, we replaced Ser-192 by slightly longer asparagine, allowing it to potentially bridge the gap to hEC1. Gly194Ser؉Ser (G194S؉S). Compared with other LRRs of InlA, repeat 6 consists of 21 residues instead of the canonical 22. This shortens the loop after the LRR ␤-strand (5), discontinues the asparagine ladder characteristic of LRR proteins (19) , and creates a 7.5-Å-wide hydrophobic water-filled cavity on the surface of InlA. To restore the regular LRR architecture, an additional serine (ϩS) was introduced after Gly-194, whereas Gly-194 itself was replaced by serine, the most common residue at this position in other LRRs of InlA.
Structural Verification of Predicted Atomic-Scale Changes. InlAhEC1 complexes were analyzed by x-ray crystallography at Յ2.0-Å resolution. For data collection and refinement statistics, see supporting information (SI) Table 1 . Superimposing all complexes indicates that single substitutions in InlA do not affect the structure of InlA itself or the geometry of the complex (rmsd Յ 0.65 Å). This allows atomic changes in the immediate vicinity of the mutation to be analyzed, especially as regards hydrogen-bond networks and water-mediated interactions. Y369A and Y369S. As postulated, the substitution of Tyr-369 with alanine or serine allows Asn-370 and His-392 to maintain their stacking interaction with Phe-348 as in uncomplexed InlA (Fig.  2B) . Water molecules near Tyr-369 in InlA/hEC1 are largely conserved in Y369A/hEC1 and Y369S/hEC1 (black spheres). One such water molecule, hydrogen bonded to Asn-27-N ␦2 in all complexes, additionally forms a second hydrogen bond to Ser-369-O ␥ in Y369S/hEC1, bridging InlA Y369S and hEC1. Two additional water molecules (red) bound by Asn-370 and His-392 are present only in Y369A/hEC1 and Y369S/hEC1. They replace a water molecule from the second solvation shell of InlA/hEC1 (blue). S192N. In InlA wt /hEC1, Ser-192 adopts two distinct equally occupied conformations, each involved in a water-mediated hydrogen bond to the main-chain oxygens of Phe-17 hEC1 or Pro-18 hEC1 (blue residues, Fig. 2C ). The first of these water molecules additionally interacts with Ser-172 InlA and the second with Asp-213 InlA . Engineered Asn-192 InlA displaces the first bridging water, introducing a direct hydrogen bond from InlA -N ␦2 to Phe-17 hEC1 -O. A low B factor of the second, now Asn-192 InlA -coordinated water (dark red sphere in Fig. 2C ), indicates interaction of Asn-192 InlA , Pro-18 hEC1 , and Asp-213 InlA in S192N/hEC1 to be much tighter than in InlA/hEC1. Asn-192 InlA -O ␦1 intramolecularly hydrogen bonds to backbone atoms of neighboring repeats, preventing additional stabilizing contacts to hEC1. G194S؉S. Replacing Gly-194 InlA by serine and inserting a second serine after Ser-194 (ϩS) allows LRR6 to adopt a structure similar to that of all other repeats (Fig. 2D) . Correspondingly, Asn-195 flips into the hydrophobic core complementing the asparagine ladder. In addition, the hydrophobic water-filled cavity between wild-type InlA and hEC1 (Fig. 2E) is eliminated, reducing the distance between the two proteins from Ϸ10 to Ϸ4 Å (Fig. 2F ). At least four water molecules are displaced from the interface (light-blue spheres in Fig. 2D ). One water molecule, hydrogen-bonded by residue ϩS, additionally forms a long-range interaction (4.0 Å) to Glu-54 hEC1 , whereas a second water, hydrogen-bonded to both Glu-54 and Lys-61 hEC1 , similarly forms a long-range interaction of 4.2 Å to ϩS (Fig. 2D ).
Complex Formation of InlA/hEC1 Is Enthalpy-and Entropy-Driven.
Using ITC, we have narrowed down the dissociation constant for wild-type InlA/hEC1, found to be 8 Ϯ 4 M by analytical Closeup view of the interaction interface. S192N and Y369A/S (ball and stick) stabilize opposite ends of ␤b. G194SϩS shortens the distance to residues Glu-54hEC1 and Lys-61 hEC1 (ball and stick) in ␤d and ␤e, respectively. Stabilization is transmitted through ␤-sheet bde to the N terminus of ␤b. All structural figures were prepared by using Pymol.
ultracentrifugation (5), to 3 Ϯ 1 M. In addition, ITC allows changes in binding affinity to be separated into enthalpic and entropic contributions. Analyzing the association of InlA wt and hEC1 in different buffers indicates that the apparent enthalpy (⌬H app ) of complex formation depends on the ionization enthalpy (⌬H ion ) of the buffer (20) , implying that complex formation is associated with an exchange of protons. ⌬H app is found to be Ϫ6.7 Ϯ 0.3 kJ/mol in cacodylate (⌬H ion ϭ Ϫ2.5 kJ/mol), Ϫ1.8 Ϯ 0.2 kJ/mol in Hepes (⌬H ion ϭ 23.9 kJ/mol), and 3.5 Ϯ 0.2 kJ/mol in Tris (⌬H ion ϭ 47.7 kJ/mol). Plotting ⌬H app against ⌬H ion (not shown) indicates that 0.2 Ϯ 0.1 protons (gradient) are taken up during complex formation. Although the side chain involved remains unclear, the binding enthalpy may be corrected for ⌬H ion . ⌬H ion -independent binding enthalpy is thus Ϫ6 kJ/mol (⌬H ion ϭ 0), and entropy (T⌬S) is 25 kJ/mol. Complex formation of InlA and hEC1 is thus both entropy-and enthalpy-driven.
Revealing Atomic Contributions to Binding Enthalpy and Entropy.
To compare enthalpic and entropic contributions to complex formation of InlA variants and InlA wt , ITC experiments were performed in Hepes buffer and 20 mM CaCl 2 . Values were corrected for ⌬H ion to place them on an absolute scale (Fig. 3) . Differences in thermodynamic quantities remain unaffected, because they are independent of ⌬H ion . Surprisingly, the atomic modifications to InlA result in unexpectedly large and divergent changes in the thermodynamics of complex formation: Y369A and Y369S. Both substitutions contribute enthalpically to complex formation: ⌬⌬H ϭ Ϫ13 kJ/mol for Y369A (green boxes in Fig. 3 ) and Ϫ11 kJ/mol for Y369S (turquoise in Fig. 3; SI Fig.  4 ). In Y369A, the favorable enthalpic contribution is counteracted by an unfavorable reduction in binding entropy (⌬T⌬S ϭ Ϫ8 kJ/mol), a case of ''enthalpy/entropy compensation'' (15) . Compared with InlA wt , Y369A therefore increases binding affinity (K d ϭ 400 Ϯ 100 nM) to hEC1 only 7.5-fold. In Y369S (blue labels in Fig. 3 ), a much smaller entropic compensation (⌬T⌬S ϭ Ϫ2 kJ/mol) results in the highest binding affinity for hEC1 (K d ϭ 90 Ϯ 20 nM) of any single InlA variant investigated in this study. S192N and G194S؉S (magenta and yellow boxes in Fig. 3) . Whereas Y369A and Y369S favorably decrease the enthalpy of complex formation compared with wild-type InlA, both S192N and G194SϩS unfavorably increase this contribution (⌬⌬H ϭ 5 and 11 kJ/mol for S182N and G194SϩS). In the case of G194SϩS, the increase in enthalpy is sufficient to make complex formation endothermic (⌬H ϭ 5 kJ/mol). The increase in binding enthalpy of both substitutions, however, is more than compensated by a large favorable increase in binding entropy (⌬T⌬S S192N ϭ 12 kJ/mol, ⌬T⌬S G194SϩS ϭ 19 kJ/mol), resulting in a significantly higher binding affinity for hEC1 than InlA wt . Both S192N and G194SϩS thus improve surface complementarity of InlA/hEC1, allowing the entropically favorable elimination of around one and four constrained water molecules from the interface, respectively.
Thermodynamics of Long-Range Cooperativity Between Combined
Substitutions. To achieve higher binding affinity, the described amino acid substitutions were combined to yield the four InlA variants S192N-Y369A, S192N-Y369S, G194SϩS-Y369S, and S192N-G194SϩS (bottom row, Fig. 3 ). Our data indicate that the combination of physically distant single substitutions significantly increases the binding affinity for hEC1. Thus, the binding affinities of S192N-Y369A, S192N-Y369S, and G194SϩS-Y369S are 200-, 2,500-, and 5,000-fold (orange boxes, Fig. 3 ) that of InlA wt . Although the sites of substitution are separated by Ϸ34 Å (Fig. 1A) , binding affinities of individual substitutions are not merely additive but indicate positive cooperativity instead. ''Synergy factors'' were calculated by dividing the increase in binding affinity of the doubly substituted variant (lower colored box in Fig. 3) by that of the single substitution variant (upper box of identical color). For S192N-Y369A, this amounts to 13/7.5 Ϸ 27/15 Ϸ 1.8, whereas S192N-Y369S and G194SϩS-Y369S both yield a value of Ϸ5 (Fig. 3) . The synergy, although precise in terms of binding affinities, is less well defined with respect to enthalpy or entropy, in common with previous observations (14) . Thus, ⌬⌬H and ⌬T⌬S for identical substitutions introduced either into InlA wt or combined with an InlA variant, differ by no more than 3 kJ/mol, only slightly larger than the average experimental error of 1-2 kJ/mol. The synergy, however, appears to be linked to an increase in entropy, because ⌬T⌬S is always 2-3 kJ/mol higher for double-substitution variants than for corresponding single-substitution variants (boxes of identical color in lower and upper rows of Fig. 3) , in contrast to differences of 0 to Ϫ1 kJ/mol for ⌬⌬H.
The tightest binding affinity of an InlA variant for hEC1 is that of G194SϩS-Y369S, K d ϭ 0.6 Ϯ 0.2 nM. Only two rationally chosen substitutions in InlA thus suffice to transform the weak binding affinity of the wild-type complex, K d ϭ 3 Ϯ 1 M, to a tight fit comparable to that of typical proteinase/proteinaceous-inhibitor complexes (21) , one of the highest increases in binding affinity (5,000-fold) reported for any protein-protein interaction (22) .
In contrast to the synergy for S192N-Y369A, S192N-Y369S, and G194SϩS-Y369S, the substitutions of the fourth double variant S192N-G194SϩS are anticooperative. The synergy factor is 0.8/15 Ϸ 1.6/30 Ϸ 0.05 (Fig. 3) , resulting in a binding affinity that is similar to that of the individual substitution variants rather than Ϸ10-fold stronger, as expected if the effects were additive. An increase of ⌬T⌬S of Ϸ7 kJ/mol indicates this to be an entropic effect.
Discussion
Thermodynamics of Complex Formation. Despite complex formation of InlA and hEC1 being both enthalpically and entropically favored and an apparent large interaction surface, the binding affinity of the complex is weak. Thermodynamically, binding entropy (dominated by exclusion of water molecules) outweighs binding enthalpy (hydrophilic interactions). Only two hydrophobic contact areas, centered on Val-3 hEC1 and Pro-16 hEC1 , exist in InlA/hEC1. Nevertheless, by excluding numerous rotationally restrained water molecules during complex formation (5), these hydrophobic interactions would appear to contribute substantially to the favorable increase in binding entropy of T⌬S ϭ 25 Ϯ 1 kJ/mol. The small enthalpic contribution to complex formation (⌬H ϭ Ϫ6 Ϯ 0.2 kJ/mol) in turn correlates structurally with the paucity of enthalpically favorable direct contacts between the proteins. These include only seven hydrogen bonds, three salt bridges, and eight water-bridged interactions (5). Compared with tighter protein complexes, InlA/hEC1 retains significantly more water molecules within the interface (16) .
On the other hand, the low binding affinity and poor surface complementarity of InlA/hEC1 provide us with an optimal system to study the crucial role of water in complex formation. By excluding more water molecules during complex formation, we may entropically stabilize the interaction. Alternatively, water molecules enthalpically contribute to binding affinity if their hydrogen bonding potential is optimized to bridge hydrophilic interfaces (16) . The high-resolution structural data ( Figs.  1 and 2) for InlA-variant/hEC1 complexes may thus be used to interpret the observed changes in thermodynamic parameters (Fig. 3) . Note, however, that there are limitations to this approach, in particular because it is clearly impossible to take all contributing factors (including distant water molecules) into account. The tendency of enthalpy or entropy to compensate a change in the other (enthalpy-entropy compensation), especially in weak intermolecular interactions (23) , furthermore, affects experimentally determined changes in enthalpy and especially entropy. As a result, small changes, particularly in entropy, are difficult or impossible to interpret in a structural sense. Large changes in thermodynamic contributions are not affected to the same extent, allowing their cause to be discussed qualitatively in terms of structural change, even though their constituent contributions are not precisely resolved. Examples include the rotational entropies of amino acid side chains, shown to be amenable to calculation (24) , and the established entropic contribution of excluding water molecules from interfaces (23) . Y369A and Y369S (green and turquoise labels in Fig. 3) . Compared with InlA/hEC1, the substitutions Y369A and Y369S improve the enthalpy of binding by ⌬⌬H ϭ Ϫ13 or Ϫ11 kJ/mol. Structurally, this may be rationalized by the enthalpically favorable stacking (25) of Phe-348, Asn-370, and His-392 being retained in the variant complexes from uncomplexed InlA (transparent pink residues in Fig. 2 A) , rather than being disrupted as in InlA/hEC1 (blue in Fig. 2 A) . This example confirms the general view that preorganized interaction surfaces in the unbound state play a major role in protein recognition (26) .
The favorable increase in enthalpy of Y369A and Y369S in complex formation (above) is offset by a reduction in the entropic contribution by ⌬T⌬S ϭ Ϫ8 or Ϫ2 kJ/mol compared with that of wild-type InlA. These changes in entropy may be substantially affected by solvent entropy compensating the change in enthalpy, thereby limiting their detailed correlation with structural data (27) . In a qualitative sense, the loss in entropy in Y369A/hEC1 (⌬T⌬S ϭ Ϫ8 kJ/mol) and Y369S/hEC1 (Ϫ2 kJ/mol) appears to correlate with the size of a hydrophobic patch, being exposed as a result of the substitutions. S192N. Ser-192 adopts two distinct conformations in InlA wt /hEC1 ( Fig. 2C and SI Fig. 5A ), each of which hydrogen bonds a bridging water molecule (see above). Replacing Ser-192 by asparagine displaces one of these water molecules. Excluding a single water molecule from a protein interface leads to a favorable increase in solvation entropy of Ϸ6-9 kJ/mol (23) . The observed exclusion of a water molecule thus presumably contributes to the 12 kJ/mol increase in binding entropy of S192N/ hEC1 (magenta boxes in Fig. 3 ). The loss of the water-mediated hydrogen bond Ser-172 InlA -Phe-17 hEC1 in turn may explain the corresponding unfavorable increase in binding enthalpy (⌬⌬H ϭ 5 kJ/mol).
G194SϩS fills a large depression on the surface of InlA (compare Fig. 2 E and F) , excluding four rotationally restrained water molecules from the interface and dramatically increasing binding entropy (⌬T⌬S ϭ 19 kJ/mol). Why does the binding enthalpy increase to such an extent as to make complex formation endothermic? In the InlA wt /hEC1, a distance of 10 Å between InlA and hEC1 is sufficiently large to allow bulk solvent to fill the cavity between the two independently solvated surfaces (Fig. 2E) . In G194SϩS/hEC1, the distance is reduced to Ϸ4 Å. This distance appears too narrow to allow independent solvation of each surface, yet too wide for a single bridging layer of solvent. Instead, the interprotein hydrogen-bonding network is observed to be discontinuous in the crystal structure, which would enthalpically be unfavorable.
Synergy of Combined Substitutions. Strikingly, our study indicates that changes in binding affinity of single substitutions are not simply additive when the substitutions are combined in a single protein.
For the combination of S192N and G194SϩS, we observe anticooperative behavior characterized by a synergy factor of 0.05. Binding affinity of InlA S192NϪG194SϩS /hEC1is thus weaker than the combination of individual substitutions would imply. The effect appears largely entropic, because ⌬T⌬S S192N3 S192N-G194SϩS -⌬T⌬S InlA3G194SϩS Ϸ Ϫ7 kJ/mol (Fig. 3) , implying that overall approximately one water molecule less is displaced by S192N-G194SϩS than by S192N and G194SϩS combined. The crystal structure of S192N-G194SϩS/hEC1 correspondingly indicates that the side chain of InlA is locked into a tight intramolecular hydrogen bond to the physically adjacent backbone nitrogen of Ser-194 (SI Fig. 5 B and C) , preventing Asn-192 from displacing a water molecule as described for S192N/hEC1 (compare SI Fig. 5 B  and C with D) . Note that this explanation, as well as those below, only considers obvious structural changes in the corresponding crystal structures. More subtle contributions to the dynamics of protein association or to the structure and stability of the unbound proteins brought about by substituting individual residues fall outside the scope of this publication.
Potentially more interesting than the negatively cooperative S192N-G194SϩS are the double variants S192N-Y369A, S192N-Y369S, and G194SϩS-Y369S, all of which are characterized by synergy factors above one, indicating individual substitutions to be cooperative. As indicated above, these observed synergies are unambiguous in terms of binding affinities. The enthalpic (1-2 kJ/mol) and entropic (2-3 kJ/mol) contributions, however, are similar to or only slightly larger than the experimental error (1-2 kJ/mol) and should hence not be overinterpreted. Furthermore, it is interesting to note that S192N-Y369A, S192N-Y369S, and G194SϩS-Y369S all combine individual substitutions physically separated by Ͼ30 Å (Fig. 1 A) . Previous studies of protein complexes indicated synergy to be limited to clustered residues, whereas spatially distant improvements were strictly additive (26) . Only recently has this been challenged by the report of positive cooperativity for substitutions in the T cell receptor variable domain separated by 20 Å (17).
Structurally, the observed long-range synergy in InlA variants may be due to a physical link in the form of a ␤-strand between two sites of substitution. The variants S192N and Y369A/S increase binding affinity of hEC1 through favorable interactions to Phe-17 hEC1 and Asn-27 hEC1 , respectively, located at either end of ␤-strand b (␤b, residues 19-26) of hEC1 (Fig. 1) . In InlA/ hEC1, ␤-strand ␤a (residues 2-10) and loop ␤a-␤b (residues 10-19) constitute the major part of the interface, whereas interactions of ␤b to InlA are restricted to two water-mediated contacts. By stabilizing either end of ␤b, substitutions S192N and Y369A/S appear to stabilize hEC1 and hence the interface as a whole, resulting in the observed synergistic increase in binding affinities (Figs. 1 and 3) .
The reason for a synergy factor of 1.8 for S192N-Y369A, compared with 5 for S192N-Y369S, may structurally be linked to the presence of an additional hydrogen bond to the C-terminal end of ␤b in Y369S (structure of S192N-Y369S/hEC1). This direct interaction is absent in Y369A, potentially indicating a lower stabilization of ␤b of hEC1 and reducing synergy to 1.8.
In the case of G194SϩS-Y369S, the insertion of serine (ϩS) restores the canonical LRR architecture (Fig. 2D and SI Fig. 5C ) and fills a large cavity between LRR6 of InlA and residues Glu-54 hEC1 and Lys-61 hEC1 . As the surface of G194S approaches the corresponding hEC1 surface more closely, at least four intervening water molecules are physically excluded. Long-range interactions to Glu-54 hEC1 and Lys-61 hEC1 appear to stabilize the complex. Glu-54 and Lys-61 are located in ␤-strands ␤d and ␤e, respectively, of hEC1 (Fig. 1B) that form a ␤-sheet with strand ␤b. The stabilization of ␤-strands ␤d and ␤e appears to be transmitted through a ␤-sheet to ␤b and thereby give rise to a
